of mechanical properties of polymer/elastomer/filler ternary nanocomposites is to tailor the phase morphology, especially the distribution of nanofillers in the matrix blends [28, 29] . Generally, when nanofillers are introduced into an immiscible or partially miscible polymer blend, they often distribute heterogeneously, i.e. selectively dispersed in polymer matrix, in elastomer phase or at the interface between the two polymer phases, thus forming separated dispersion, rigid core-soft shell and soft core-rigid shell structures, respectively. In most cases, the formation of the rigid core-soft shell structure is found to be more favorable to achieve satisfactory toughness at lower elastomer concentration and, consequently, a good balance between toughness and stiffness as compared to the separated dispersion structure [23] [24] [25] . However, much less attention has been paid to the soft core-rigid shell structure possibly because it is difficult to realize the exclusive localization of nanofillers at the phase interface [33] [34] [35] [36] [37] . More importantly, to the best of our knowledge, so far very little information has been obtained about its effect on the mechanical properties of such nanocomposites. Excitedly, in the present work, we find that isotropic titanium dioxide (TiO 2 ) nanoparticles have a strong tendency to preferentially distribute at the interface of PLLA/PU blends with 'sea-island' morphology, forming a unique soft corerigid shell structure, i.e. PU particles are closely surrounded by a large amount of nano-TiO 2 particles, which gives us a good chance to gain full insight into the role of the interface-localized nanoparticles in determining the performance of polymer blends, especially the impact toughness. To this aim, the relationship between microstructure and impact toughness of PLLA/PU/TiO 2 nanocomposites is analyzed carefully and then several possible toughening mechanisms are discussed.
Experimental 2.1. Materials
PLLA (4032D, D-isomer content = 1.2-1.6%) used as the matrix polymer was purchased from NatureWorks Co. Ltd, USA. It has a density of 1.25 g/cm 3 , weight-averaged molecular weight (M w ) of 207 kDa, and polydispersity of 1.74, respectively. PU (WHT-1570, Yantai Wanhua Polyurethanes Co., Ltd, China) with a density of 1.21 g/cm 3 was selected as the impact modifier in this work. Nano-sized titanium dioxide (TiO 2 , purity > 98%, density = 4.25 g/cm 3 , average particle size = 200 nm) without any surface modification was produced by Chengdu Kelong Chemical Reagent Factory, China.
Sample preparation
PLLA/PU/TiO 2 ternary nanocomposites were prepared by melt blending various amounts of TiO 2 (0~25 wt%) with PLLA/PU blend matrix (90:10 or 75:25 w/w) in a Haake mixer (XSS-300, USA) at a temperature of 190°C and rotor speed of 50 rpm for 5 min. In this case, TiO 2 , PLLA, and PU were loaded to the mixing chamber simultaneously. For comparison, PLLA/PU binary blends were blended under the same conditions. Specially, in order to investigate the effect of mixing procedure on the distribution of TiO 2 in the nanocomposites, the other two blending procedures were also employed: blending of precompounded PU/TiO 2 or PLLA/TiO 2 with the second polymer (PLLA or PU) during a second blending step. All raw materials including PLLA, PU and TiO 2 were dried under vacuum before using. To obtain standard specimens for mechanical testing, the obtained materials were then compression molded at 190°C for 5 min and then quenched to room temperature.
Scanning electron microscopy (SEM)
The phase morphologies of PLLA/PU blends with and without TiO 2 were observed using an FEI Inspect F scanning electron microscope (SEM, USA) with an accelerating voltage of 5.0 kV. The specimens for the SEM observation were prepared by cryogenic fracture in liquid nitrogen. The impact fractured surfaces of the specimens after the impact testing were also observed by SEM.
Surface energy measurement
Contact angles measurement is a traditional and valid method to evaluate the surface energy of solids [38] .The surface energy of a solid or a liquid and its dispersive and polar components can be calculated from the contact angle data by using Owens-Wendt method [39] (Equation (1) and (2)):
where ! is the contact angle, " is the surface energy, subscripts 's' and 'l' indicate solid and liquid, respec- [28] . The contact angle tests were conducted on a DSA100 apparatus (Krüss GmbH, Germany) based on the sessile drop method, i.e. depositing a drop of test liquid onto the sample surface. At least six replicates were performed for each sample to ensure the reproducibility of the measured data. Prior to the measurements, TiO 2 powders were compression molded by using a home-made metal mold at room temperature under a pressure of 15 MPa, while PLLA and PU specimens were compression molded at 190°C for 5 min and then quenched to 25°C.
Mechanical testing
The notched Izod impact strength was measured using an impact tester (XJU-5.5, China), according to ISO180/179 standard. Pendulum impact velocity is 3.5 m/s. Tensile testing was performed with a SANS universal tensile testing machine (China) at a cross-head speed of 5 mm/min, according to ISO 527-3 standard. For each sample, the measurements were carried out at room temperature (23°C) and the results obtained were averaged at least five specimens.
Differential scanning calorimetry (DSC)
The degree of crystallinity (X c ) of the PLLA matrix in the compression molded samples was evaluated using differential scanning calorimetry (DSC, PerkinElmer pyris-1, USA) in a dry nitrogen atmosphere. For each measurement, about 5 mg of the sample was directly heated from 0 to 200°C at a heating rate of 10°C/min. The value of were determined using the most commonly used Equation (3) [21, 22, 41] : (3) where "H m and "H c are the enthalpies of melting and cold crystallization, respectively; w f is the weight percent of the PLLA matrix, and "H m 0 is the melting enthalpy of completely crystalline PLLA (93.7 J/g [42] ).
3. Results and discussion 3.1. Phase morphology and selective localization of nano-TiO 2 particles In order to elucidate the microstructure and morphology of PLLA/PU blends with and without TiO 2 , SEM experiment was carried out and the results are shown in Figure 1 . Obviously, all samples exhibit typical 'sea-island' morphologies, where discrete PU spherical domains are uniformly dispersed in the PLLA matrix. Unexpectedly, with the introduction of 15 phr nano-TiO 2 particles into the blend of PLLA/10PU, the size of the PU domains increases slightly (Figure 1b ). This result is opposite to that usually seen in polymer blends filled with other nanofillers, such as silicon dioxide (SiO 2 ), clay and multi-walled carbon nanotubes (MWCNTs), where the size of dispersed-phase domains decreases significantly with adding small amounts of nanofillers [43] [44] [45] . Recently, Cai et al. [46] confirmed that morphology evolution of immiscible polymer blends is strongly dominated by the self-agglomerating pattern of nanoparticles in polymer melts. An increase in the size of PA6 domains is observed as high loading of nano-TiO 2 (e.g. 25 phr) is added into PS/30PA6 blend due to its unique self-agglomerating pattern completely different from other nanofillers. Similarly, the increased size of the PU domains may be associated with the unique self-agglomerating pattern of the TiO 2 , which needs further investigation in our future work. Very interestingly, almost all nano-TiO 2 particles are selectively located at the phase interface between PLLA and PU in PLLA/ 10PU/15TiO 2 ternary nanocomposite, which can be observed more clearly in the ternary samples containing relatively high content of PU, such as PLLA/ 25PU/15TiO 2 nanocomposite (Figure 1c ). In this case, spherical PU domains are surrounded by a large number of nano-TiO 2 particles, forming a special soft core-rigid shell structure in the PLLA matrix. More interestingly, the distribution of nano-TiO 2 particles in the obtained PLLA/PU/TiO 2 nanocomposites is independent on the method of TiO 2 introduction, as shown in Figure 2 . In all cases, nanoTiO 2 particles are mainly located at the interface
00, Xiu et al. -eXPRESS Polymer Letters Vol.7, No.3 (2013) [261] [262] [263] [264] [265] [266] [267] [268] [269] [270] [271] and almost no nano-TiO 2 particles can be found in the two blend components (PLLA and PU), suggesting that the nano-TiO 2 particles should be thermodynamically driven into the phase interface during mixing process. This conclusion can be further confirmed by theoretical calculation using the wetting coefficient # a defined by Equation (4) [47] :
where " PLLA-TiO 2 , " PU-TiO 2 , and " PLLA-PU are the interfacial energies between PLLA and TiO 2 , between PU and TiO 2 , between PLLA and PU, respectively. # a has been widely used to predict the thermodynamic equilibrium distribution of nanofillers in polymer blends [25, 40] . Generally, for # a > 1, TiO 2 particles are only found in PU; for # a < -1, TiO 2 particles are present only in PLLA and for -1#< # a < 1, TiO 2 particles are selectively located at the interface between PLLA and PU. The interfacial energy can be obtained from surface energies of the corresponding components and their dispersive and polar parts, based on the two most commonly used methods, i.e. harmonic-mean Equation (5) and geometric-mean Equation (6) [38] : Harmonic-mean equation:
Geometric-mean equation: where " i is the surface energy of component i, " i d and " i p are the dispersive and polar contributions to the surface energy of component i, respectively. In this work, the values of surface energies were calculated from the contact angle data by using Equation (1) and Equation (2) and the results are summarized in Table 1 . The values of interfacial energies and are listed in Table 2 . As expected, the value of is 0.08 based on Harmonic-mean equation, and 0.55 based on Geometric-mean equation, indicating that the state of thermodynamic equilibrium distribution of nano-TiO 2 particles should be selec- 
Mechanical properties
As discussed in the introduction, the distribution of nanofillers plays a decisive role in controlling the performance of polymer/elastomer/filler nanocomposites. In order to know the effect of such interfacially-localized nano-TiO 2 particles on the mechanical properties of PLLA/PU blends, notched Izod impact toughness and tensile properties were evaluated. Figure 3 shows the impact strength of PLLA and PLLA/10PU blends as a function of nano-TiO 2 content. It is very interesting to observe that, although no obvious toughening effect on PLLA matrix can be obtained by only adding low content (e.g. 10 wt%) of nano-TiO 2 or PU, the presence of nano-TiO 2 particles at the interface gives rise to a largely improved impact toughness of PLLA/10PU blend. For example, the impact strength of PLLA/10PU blend increases remarkably from 5.61 to 30.41 kJ/m 2 with increasing nano-TiO 2 content up to 15 phr. This indicates that realizing selective distribution of nanoTiO 2 particles at the interface is an effective method to toughen PLLA/PU blends. Meanwhile, it should be noted that there is a saturation of the toughening effect. With further increasing nano-TiO 2 content, the high-concentration (e.g. 25 phr) nano-TiO 2 induces a slight decrease of impact toughness due to the serious aggregation of nano-TiO 2 particles in this condition (as discussed below). Unfortunately, the nano-TiO 2 induces dramatic improvement in the impact toughness, but evident deterioration in tensile strength and elongation at break, as can be observed in Figure 4 and Table 3 . This can be explained as follows. On one hand, the existence of large amounts of nano-TiO 2 around PU domains can lead to a moderate increase in the effective vol- Xiu et al. -eXPRESS Polymer Letters Vol.7, No.3 (2013) ume of PU dispersed phase. One the other hand, unlike bridge effect of MWCNTs with high aspect ratio, the interfacially-localized nano-TiO 2 particles are most likely to weaken the interfacial bonding strength between PLLA and PU because of the shielding effect, thus promoting debonding of PU domains from PLLA matrix during deformation. Both factors are believed to contribute to the substantially reduced tensile strength, based on the fact that, although the true volume fraction of PU phase (18.4%) in PLLA/15PU blend is higher than the effective volume fraction of PU phase (14.9%) in PLLA/10PU/15TiO 2 nanocomposite, the former sample exhibits a much higher tensile strength as compared with the latter one ( Table 3) . With regard to the remarkably decreased extensibility, undoubtedly, the latter factor is the main reason. Furthermore, one thing should be stressed that tensile testing and notched Izod impact testing were carried out at remarkably different test speeds. Thus, the materials are most likely to exhibit different mechanical responses when they are subjected to different loading conditions. For the tensile testing, the tensile speed is only 5 mm/min, indicating a quasi-static loading condition. In this case, the presence of nano-TiO 2 particles at the interface is unfavorable to the stress transferring between PLLA and PCL because of the reduced interfacial adhesion, thus giving rise to the notably reduced extensibility. However, for the notched Izod impact testing, the impact speed is as high as 3.5 m/s, indicating a dynamic loading condition. In this case, the interfacial-localized nano-TiO 2 particles seem to be favorable to the toughening.
Toughening mechanism
To make clear the role of the interfacial-localized nano-TiO 2 particles in the toughening of PLLA/PU blends, the impact fractured surfaces of PLLA/ 10PU blends with and without TiO 2 particles were characterized by SEM, and the results are given in Figure 5 . Clearly, the blank PLLA/10PU blend exhibits a typical brittle failure. The fractured surface is very smooth and no evident deformation of PLLA matrix appears (Figure 5a ). This suggests that fast crack propagation occurs during impact fracture process. In contrast, after adding 10-15 phr TiO 2 , many fibrils as a result of crazing of PLLA matrix can be clearly observed on the whole surface (Figure 5b and 5c), indicating that the interfaciallocalized nano-TiO 2 particles effectively facilitate the deformation of PLLA matrix through crazing mechanism. Moreover, these highly stretched fibrils can prevent the crack initiation and propagation, allowing for a considerable plastic deformation to develop [48] . As a result, substantial energy is consumed, leading to the high impact toughness. Now it is logical to ask how the nano-TiO 2 particles induce the stable crazes in PLLA matrix. In fact, it has been widely accepted that the role of elastomer in toughening polymers is mainly associated with the cavitation of elastomer particles and the cavitation caused by interfacial debonding can promote energy dissipation through relaxing the locally triaxial stress that favors brittle failure [49] [50] [51] . Here, since spherical nano-TiO 2 particles located at the interface can weaken the interfacial adhesion between PLLA matrix and PU dispersed phase to a certain extent (evidenced by the decreased tensile strength as discussed above), the interfacial debonding and, consequently, the plastic deformation of PLLA matrix become easier to be triggered as compared to the blank PLLA/PU blends. This mechanism has been successfully used to explain the reason for the enhanced toughness of epoxy/acrylic rubber blends induced by the interfacial-localized clay [52] . On the other hand, Shi et al. [35] have demonstrated that the introduction of interfacelocalized MWCNTs causes a decrease in the impact strength of PLLA/EVA blends, suggesting that the enhanced interfacial adhesion seems to be unfavorable to the toughening of PLLA/elastomer blends. Furthermore, by considering that the impact strength of PLLA/10PU/15TiO 2 nanocomposite with a lower effective volume fraction of PU phase (14.9%) is much higher than PLLA/15PU blend with a higher true volume fraction of PU phase (18.4%) (Table 3) , we believe that the increase in the effective volume fraction of PU phase has little influence on the improvement in the impact toughness. Therefore, the largely enhanced impact toughness of PLLA/ PU blends induced by the interfacial-localized nano-TiO 2 is mainly attributed to the moderately reduced interfacial debonding. Most importantly, it should be noted that appropriate concentration of TiO 2 is the prerequisite to obtain the blends with good impact toughness. At high concentrations (e.g. 25 phr), some of nano-TiO 2 particles aggregate together and form large aggregates at the phase interface and, subsequent, only small amounts of highly stretched fibrils and less evident matrix deformation can be observed on the impact fractured surface (Figure 5d ). This observation is well consistent with the deteriorated impact toughness of the blends with high-concentration TiO 2 as mentioned above. In addition, our previous work has shown that the crystallinity of PLLA matrix may influence the impact toughness of PLLA/elastomer blend [53] . However, it can be disregarded completely in this work. All the samples present the same low level of the PLLA matrix crystallinity (~10%), as displayed in Figure 6 . 
Conclusions
In this work, PLLA/PU/TiO 2 ternary nanocomposites were prepared by three different mixing procedures. Regardless of the method of TiO 2 introduction, almost all nano-TiO 2 particles are located around spherical PU domains, forming a unique soft core-rigid shell structure in the PLLA matrix.
The results show that the addition of nano-TiO 2 leads to a largely enhanced impact toughness of PLLA/PU blend mainly due to the weakened interfacial debonding in the presence of the interfaciallocalized nano-TiO 2 particles. During the impact process, nano-TiO 2 particles induce interfacial debonding, promoting the plastic deformation of PLLA matrix through crazing rather than crack, thus dissipating large amounts of energy. This work not only provides a simple and effective method to largely improve the impact toughness of polymer blends, but also gives a comprehensive understanding of the role of interfacial-localized spherical
